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Oceanic and coastal bioluminescence in surface waters, in many" instances., is produc. e
by microscopic dinoflagellates. Their light emission is usually observed at a maximumi
during the night hours and markedly inhibited during the day. This die! periodicity has
never been observed in situ for identified species and never before in heterotrophic
I'rotoperidin iutn dinoiflagellates. Pronounced differences in stimulable bioluminescence
measured with bathvphotometers in Vestfjord, Norway in September 1990 correlated with
simultaneous ship-board laboratory experiments. Cells of both the photosynthetic Ceratiuim
frisus and heterotrophic Protoperidinium curtipes showed a pronounced inhibition of biolu-
minescence during the day and maximum bioluminescence at night.

INTRODUCTION

Oceanic bioluminescence in the surface waters, of the world's oceans is produced by
numnerouis microscopic photosyn~thetic and heterotrophic dinoiflagellates (Kelly & Katona,
1966; Kelly, 1968; Tett, 1971; Tett & Kelly, 1973; Kelly & Tett, 1978; Filimonov &
Sadlovskava. 1986; Lapota et at., 1988). Their light emission is at a maximum duriing
scotophase (night hours) with minimal light emission expressed during pbotot'~tase
(day ho0Urs). This light-con trolled diel periodicity in bioluminescence has been obser ved
repeatedly in the field for mixed populations of dinoiflagellates (Backus et al., 1961, lq5;.
C'larke &- Kelly, 1965; Kellv & Katona, 1966; Kell%% 1968; Yentsch & Laird., 1968; Lap. Ia c.,
A. 19.10) and in laboratory measurements of cultured-rhotosynthetic dinotlagel:ites
I lax(, &- Sweenev', 1955; Sweenev & Hastings, 1957; Hastings & S~weeney, 1958; Biv, :le%

A.,I 60; Sweeney, 1979) but never in sitit for identified populations, and never before
ii heterotrophic Protciptridinium li noiflagellates. Pronounced differences i- -ýtimulable
bi luWminescence, most recent ly mcasu red with two bathvphotometers. at the . irfaceand
At depth between midday and midnight in Vestfjord, Norway, correlated with simtff5i-_
nuOUS ship-board laboratory ex perime~nts. Both the photosynthetic cells of Ccxm.itivm ~usI
(E-hrenberg) Dujardin and the heterotrophic dinoiflagellate Protopcrridini'.'n .. i cuiles
Jorgensen showed a pronounced inhibition of biolu minescenced diring phot ýPhase and
maximum bioluminescence during scotop¶hase. . 0
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(I tll)I:X), able to measure the vertical distribution of bioluminescence from the surface
to a depth of 100 mn, was deployed prior to sunset (approximately 183(0 local time) to
measure changes in btioluminescence during increased darkness. The object of these
activities was to measure the change in light output in both dinoflagellate species from
Sunset into the dark hours, and to verify these laboratory measurements with concurrent
field bathyphotometric meaisurements. -

MATERIALS AND METHODS

Bathiyphotoineter and ship-board measuretnents

lBathyphotometer casts of the vertical distribution of bioluminescence were made in
Vestfjord, Norway at 68'15'N 15'49'E. A night profile cast was conducted at 2314 13
September 1990 and a day profile was conducted at 1400 the following day.
Bathyphotometer casts conducted near miidnight at this station and at other stations
within Vestfjord showed that maximum bioluminescence increased no more than 20%
following the rapid increase in bioluminescence following dusk. The descent of thl-
bathyphotometer from the surface to a depth of 92 m at night and 100 m during the day
was 7 min (2-3-2.4 m resolution). Bioluminescence was measured by pulling sea-water
past an RCA 8575 photomultiplier tube (PMT) operating in the photon count mode. PMT
pulses were integrated ev~ery 10 s during the descent and ascent with a real-time output
displayed on a computei as average counts s-1, later converted to photons s-1 ml'I of sea-
water. Sea-water temperature was also measured with a Sea Bird temperature probe
(Model SBE-3) while chlorophyll fluorescence was measured in situ with a Sea Tech
fluorometer. This version of the ba thyphotometer has been described (Lapota et a), 1 c4894.
The bathvphotometer was calibrated with the luminolus bacteria Vibrio /rarz'eyn and
.tulutions, of the bacterium at several known sourcv strengths %,,ere measured in the
"'11'mpk' chamber of a Quantalumn detector (M'vatheson et ai., l%.I~l. Multiple profiles to
measure stimulated biolumninescence during thedusk hours on 25 ;September were made
usIing the 1-IDEX bathyphotometer developed at the University of California, Santa
Barbara. The high flow characteristics (20 1 of sea-water s') and large light-integrating
chamber of the system make it possible to do high speed profiles with significant
reproducibility (Case et at., 1990).

TWvO Ship-board photometer systems alsoc measured stimulated biolumine.%cence
wvithin a darkened flow through chamber. The intake pipe within the sea chest, located
in the engine room of the ship, was positioned through the ship", hull at a 3 1-1 depth
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Niaximum numbers of dinotlagellates 0754 cells I i a: tnidda\ khguit' 4:"A. %%tr.
Observed at a depth of 10 m below 'the Stea_.u'rcV whilke m aximumi numbers tit
dinoflagellates at night (1842 cells lP) were collected at a depth of 25 m at night I Figurt,
413). 3iolumint-scent dinoiflagellates followed similar trvnd!s; howe-ver. their number,
represented only it and 0" of all dinotflagellates for the midday and night cat~..I
respec t ivelyv. Dlinofla gellitest- d ecreased markedlIy below theit theirimoclIineiv Therev wrv it,
and 25 times te-wer dinTIOlageL'attesý at 30 m than at 40 11 tor both thu in1idda\
casts, respective1l'.

The depth distribution of the luminescent Ceratiuni and P~f'trh~didntae
late,, differed with respect to middav~and night casts. Maximumini numbers ot C. ?iu
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Figure 6. Calculated bioluminescent light budgets for (A) the midday cast and (B) the night cast The
common featu rebetween the two budgetms thedominant contribution by Ceratiu m fusus at the -hallow
depths replaced by Protoperidinium curtipes with increasing depth. Both Conchoecia and Metridia
increased their impact on the tight budget at night.

cells 1-') were collected at a depth of 10 m for the midday cast (Figure 5A) while maximum
numbers of these cells were collected at a depth of 25 m (106 cells 1'1) for the night cast
(Figure 5B). Protoperidinium spp. dinoflagellate cells remained fairly constant in abun-
dance between casts (56-58 cells P') at a depth of 30 m (Figure 5). Light budgets were
constructed for profiles from the pumped samples for both the midday and night casts,
'Ind biolumine-scent crustaceans were c6llected in the vertical net tows and their
k ontribution to the light budget calculated (Figure 6). Both M-oridia Ionga and Al. hice'n
c'opepods and the o-,tracod Coiic~hoecia ekgans were the d:,rninant light-producing
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1200) and Wxi - (0200) photons cell 1, respe'ctively (st1nuitlahle light pt-i -it),

I'Wtoedtriiniium ctirtipes exhibited minimum and maximum mean light output valuies tit
2xlO' (1200) and 5x10" (0200) photons celP t, respectively (stimulable light per 40 s). Thle
largest rates of change in bioluminescence intensity for C. fiusit, in the laboratory,
occurred between 1700 and 1800, while that of P. cilrtlipes occurred later, between 1800)
and 2000. Over these time intervals Ceratium increased its mean light output 29-fold
while Protoperidinbiinn increased its mean light outpol-W.--fold. Protoperidiniumy curtilles
emitted about five times more light than C. fusuts at 0200. In contrast, laboratory cells of
P. cuirtipxes decreased their light output 47-fold between 0400 and 0600, while light output
in C. fusus diminished 1760-fold following sunrise at approximately 0600 (Figure 7).
Ceratium fi4sus emitted 53 times more light at 0200 than 1200, while P. curtlps produced
2700 times more light at 0200. Night light-output values for both C. fusuis and P. effrl~tpi--
in this study fall within the same range of intensity for other coastal dlinoiflagellate species
observed in previous studies (Table 1).

Ship-boa'ird measurements

Field measurements of surface bioluminescence were recorded for more than,3011 with
ship-board photometers. The diel periodicity from one day to the next is apparent in
Figure 8, as minimal intensity was measured from 1200 to 1300, while maximum
intensity occurred from 2000 t6 0400. Maximum bioluminescence levels ranged from I-
3xl O1photons s- ml- of sea-water while minimum bioluminescence was 2-3x 1 0"photons
S'l ml-I sea-water. The three orders-of-magnitude change near the surface in the field is
consistent with cells tested in the laboratory. Bioluminescence at the surface increased
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Figu re 8. The d iel period icitv of bidluminescence within Vestfjord, Norwa N at a 3rndepth at Station
I, for 10 h ( 1158 on 24 Septe~mber to 0615 on 26 September 1990). Maxiumum biolumninece'anice was
maintained throughout the night following minimum lev'els of biotuminoseenck-,' and rangge'd trom
1l10O to 3\10' photons sI nil 1.%ea-watt'r.

troni 1 300 to approxiniatel\ 5\10" photons s m nl sea-w.ater il ISM~. Biolurninciscetce at
s;unsvt intreased bvy factorott toorat a depth of 32 In (Fi:gure 31 )ri awtedw~ai
mneasured at the -,ea surtace and bivluminiescence increased two-told in intensity from
20310-2120,at depth and remained at 3\1I(r~ photons s ' il" sea-wvater throughout the night

hours.

D)ISCUSSION

[hle greatest rates of change in light outpu~t for the~lbrtr clscicd with depth
aInt. stirlace field measuremnents. The lack of increasedl bioluminescI-nce below 50 rn
during this period wvould support the hypothesis that the nica~ured thed unlitwescence,
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I '-ISh; I t rnrng, 1`4SS). A vo'idantc, of the detector by these coteptid', I unlikel, becautse,4i
t lie Lar,, vý - lumw, ot water % inch theIi I lDlX hath\photk inieter pu I Is into its sampling
t hanhi ý20 1 vea-watcr s i lht-.... topelods d.,charge 2 3 orders il-magnitude more
light thIn do dI notlagelaLei, ( Ilapota (I al., 19149). If suIticient IIllunb, I ., ol the.se copepods
were pre-.ent throughout the water coluni, then the diel periodicity we measured
should have been greatly damvnpened oreliminated entirely. Additionally,analysis of the
net tow, at these depths indicates that the low numbers of M,'I dia collected (<1 Ili) made
minimal contributions to the light budget calculated for dinoflag, ellates and /noplank-
ton. hthr, are ,imilar trends for both calculated light budgets as expected, baed on the
s'imilarity ol bioluminescent dinoflagellates, copepods, and ostracods. Both budgets
wer, constructed for tihe night phase; however, the midday light budget woul. actually
look quite different because photoinhibition would reduce the light outpt't of both
species of dinoflagellates at the ocean surface to levels comparable to laboratory
measurements (Figure 7). These inhibition factors may be less for cells found at greater
depths because of decreased ambient light levels. The midday bioluminescence cast
should certainly reflect these photoinhibition processes, coupled with the extremely low
numbers of luminescent ostracods and copepods collected in our nets.

Differences in the vertical distribution of the luminescent Ceratiulm fusus and the
apparently unchanged peak of bioluminescence measured during either midday or
night raises several interesting questions. The first being that at a depth of 30 m,
Protoperidinium curtipes is the major light-emitter, either at midday (although at a much
reduced intensity) or during !he night, if one examines the cell distributions (Figure 5)
or the light budget (Figure 6). The other aspect, which may not be reflected in the midday
bioluminescence profile (Figure 1), is the shallower distribution of C. fusus at midday
than at night, which might imply a vertical migration by these cells up to a depth of 10
m below the sea surface as opposed to their 25-m peak layer night distribution. There is
substantial evidence for circadian rhythms in the vertical migrations of dinoflagellates
(Levandowsky & Kaneta, 1987). Cells of Ceratium ftirca were observed to migratt
rhythmically up and down in a laboratory culture in complete darkness for six davy
(Weiler &-Karl, 1979) and C. fuisus has been-obmerved to swim at speeds from 0.23 to 1
m h- (Peters, 1929; Hasle, 1964). It is possible that our sampling has detected the diurna.
migration of C. fusus and other Ceratiun dinoflagellates (Figure 4).

Tile diurnal variation of bioluminescence has not been demonstrated in isolated cells
of either C. fusus or P. curtipes with concurrent field measurements. While puiotoinhibition
of bioluminiescence in several species of Protolieridinimn was demo'tt ed"ff the
lIahorato-v using lamps of varying spectra and intensity, a diel variation of biolumines-

cence ha never before been demonstrated in recently isolated field populations of r
,u,'tilit'. I:ilimonov & Sadovskaya; 1QN6; Tyul'kova & Filimonov, I1981). It appears that
P ý trfit,,' niav be more pho,'nhibited bh ambient light conit iitns at imldav than tlh
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1hot-i. hi, 111101% q 011, 1 fu~u I h iwevvr, I'. (urftiq' emitted flve' tinut"- mor, light p,.r A ell
,it IIluI :'i 't1" 71 `-,Itu' I(* I'i, •Iiml n l-kence (ligure 8) and lalboratorv nicasuremenIN

I 1l?,vc .night ,l,,o reflect a circadian rhythm of biohlminescence independent of
,\ternal light hlv'l,. imolhiifin.-scence decreased while still dark before sunrise at tN6O0
1 lig'in;'t 81

The latoratorv n' .wurentl. confirm the temporal field measurements ol minimum

..d maximum intensitv', the periods of increasing and decreasing bioluineii 'scence, and
the die] change in bioluminescence. Both laboratory and in situ measurements, while
quite different in execution, have identified similar trends within the data sets. Indi-
vidual variations in the range of intensities (from midday to midnight) from location to
location is certainly a reflection of the diet bioluminescence change inherent in each

,'pecie4,. and to the composition of the species present spatially and temporally. Both
methods (field and lalboratory) produce a consistent picture of the nature of diet
periodicity of bioluminescence in these species.

We thank the Captain and crew of the USNS 'Bartlett' for making these measurements possible.
We also wish to thank Dr P.J. Herring (institute of Oceanographic Sciences) for his comments aid
suggestions which greatly strengthened this work. G.J. Moskowitz revised several figures and this
is appreciated. This work is dedicated to the late B.P. Boden (Rhodes University, Grahamstown,
South Africa) and H.D. Huddell (US Naval Oceanographic Office, Stennis Space Center, Missis-
sippi, USA) for their significant contributions to and uncompromising support of the field of
oceanic bioluminescence.

REFERENCES

B; kus, R.H., Clark, R.C. Jr & Wing, A.S., 1965. Behaviour of certain marine organisms during the
solar eclipse of July 20, 1963. Nature, London, 205,989-991.

Backus, R.H., Yentsch, C.S., & Wing, A., 1961. Bioluminescence in the surface waters of the sea.
Nature, London, 192,518-521. ,

Biggley, W.H., Swift, E., Buchanan, R.J. & Seliger, H.H., 1969. Stimulable and spontaneous
bioluminescence in the marine dinoflagellates, Pyrodinium bahamense, Gonyaulax palyedra, and
SPyrocystis tun ula. Journal of General Physiology, 54, 96-122.

Case, J.F., Bernstein, S.A., Widder, E.A. & Geiger, M., 1990. Recent developments in HIDEX
bioluminescence bathyphotometers. EOS Transactions, American Geophysical Union, 71, 1405.

Clarke, G.L. & Kelly, M.G., 1965. Measurements of diurnal changes in bioluminescence from the
sea surface to 2,000 meters using a new photometric device. Limnology and Oceanography, 10
(supplement), R54-66.

Esaias, W.E., Curl, H.C. Jr & Seliger, H.H. 1973. Action spectrum for a low intensity, rapid
photoinhibition of mechanically stimulable bioluminescence h, the marine dinoflagellates
Gontlaulax catenella, G. acatenella, and G. tatnarensis. Journal of Cellular PhysiologWy, 82, 363-372.

Evstigneev, P.V. & Bityukov, E.P., 1986. On the diurnal rhythm of bioluminewcence in mari.
copepods and the influence of temperature upon it. Ekologia Morya, 24, 87-91.

Filimonov, V.S. & Sadovskaa, G.M., 1986. Photoinhibition of phyvoplankton biouniv, o'
Oc'eanology, Mscew,, 26, 621-622.

I Lasle, G.R., 1954. More on phototactic diurnal migration in marinn, dinoflagellate,. Nutt Maga-in
ftr llotanikk, 2, 139-147

I la,,tings. I.W. & Swe•envy, .M.., 1958. A perashent diurnal rhvthn , f lummnescenct, In Go,,uadUl,
IN ,yetI h i. !int aAl UH•hn t . Marmint Ilitih0gnal la*boratory, WoMds I 1i', 115, .4 10-458



III" AI N M. III I ' I Ik'.I I I (I .I I lfl Cise c In It t 'e~i n ft i lt, i n~.rr e

I lerring), pp. 399-417. London: Academic P~res.s.
k'rasnow, R., Dunlap, JIC., Taylor, W., I-astings, J.W., Vetterling, J.W. & I liaa.. L., 1491. Measurk-

inents (if Gonyml/ I hioluminescence i nclutding that ot'single celI Ill n himme'n tt uetienee i torretri
perspective,; (od. K.1 I. Nealson), pp. 52-63. Minneapolis: Burgess.

1.apota, D)., Gailt, C., Losee, J.R., Huddell, H.D., Orzech, J.K. & Nealson, k.1 1., 11188. Observations
'Ind mcasurements of planktonic bioluminescence in and around a milkv sea. Journal of
I xpjerimental Marine' Biology and Ecology, 119, 55-RI1.

laopota, D., Getiger, M.L., Stiffey, ANV., Rosenberger, D.E. & Young, RK.k. 1984. Ciorrelations of1
planktonic bioluminescence with other oceanographic parameters fiini a Norwegian fjord
Marine Ecology Progress Series, 55, 217-227.

I~apta, . & ose , JJ 1984. Observations of bioluminescence in manne pliit n.I fron I the Sea
of Cortez. joi4rntal of Experimental Marine Biology/ an'dT Eclg 77, 209-240.

L-evandowsky, MI. & Kancta, P., 1987. Behaviour in dinoflagellates. In The Nloltngi ot ilmollagellate~s
(ed. F.J.R. Taylor.), pp. M6-397. London: Blackwell.

Matheson, I.B.C., Lee, J. & Zalewski, E.F., 1984. A calibration technique for photometers. SPIL
0mmr Optics VII, 489, 380-381.

PLters, N., 1929. t'ber orts-und geisselbewegung bei marinen dinotlagellaten. ArcillJj~lf-
Prof itenku,,de, 67, 291-321.

',%evnev, B.M., 1479. The bioluminc-scencc of dinoflagellattes. In thwoherfustriy and phyni'ology (of
Tritt()zoa, vol. I (ed. M. Levandowsky and S.H. I lutner), pp. 287-306 New York: Academit
IPress.

Swe,Žvnev, B.M., 1981. Variations in the bioluminescence per cell in dinoflagellates. In Pint umm~es-
cence: current perspectives (ed. K.1 1. Nealson), pp. 90-94. Minneapolis: Burgess.

1'%evenev, B.M. & Hastings, J.W., 1957. Characteristics of the diurnal rhythm oft Iunine,-'ence In
Gomyaulax pol 'tedra. Journal o 'f Cr'tlular and Comparative Phmvsioloý-y, 49,11Ft-12S.

FtcU, l'.B., I1971. The relation between dinoflagellates and the bioluminescence of sea water Journal
(if flte Marine Pizological Association o 'f the United Kinrgdom, 51, 183-20h.
t, i. B. & Kellv. M.G., 1973..Manne bioluminescence. In Oer'anographvr and ma nt~,n I',olo,,,i apipual
reiviei', vol. 11 I ed. 11. Barnes), pp. -89-1713. London: George Allen & Lw

1 vtul~klva. N.A.,& Filirn-onov, V.1S., 1981I. Photoregulation of biolunint~cirm v, 'itI lit lice?, Wtor~pil
Iirganin .ni Pr? i,4imtti nutepres.~tot (nDinoiphivta. h,4fiika, 26, 57o

ý%ilc*t. I. &Krl, IYM., 1979. Diel change,; in phased-dclix-~ng tliti.t it' 'I ::ina
Mi noph ' Ncwvi nucleotide triphotphates, adenv late energy charge, ct~i carl-on, anei patterns
(1, vertical nugidtion. Ii-nrnat of l'Jivcoloý\-, 15, 3A4-391.

'Ients-ch, C.S. & l~aird, I.C.. 1008. Seasonal sequence of bioluminesctnice and flit uxuirrence of
etIrdugenouis rhythmis in oceanic witr -f Woo d- Hole, Mlassachusetts. Ifmurnil d Mlarie
ki-cit rei, 26, 127-133.

'.uhi It. df4 214My 'l, \: INI te 20l Fniarum 1--2

BEST
AVAILABLE COPY


